determined (Michels et al., Circulation, 2005). Later Dekker and Yellen (J. Gen. Physiol., 2006) confirmed a small conductance of~1.5 pS but observed a pronounced cooperative gating of multiple channels. We expressed HCN2 channels in Xenopus oocytes and studied single channel currents in insideout patches. Our results confirm a small conductance (~2 pS) and do not provide any evidence for a cooperative gating between the channels, enabling recording from patches containing one and only one channel. The activating effect of cAMP, applied to the bath solution, is mediated by an increase of the open probability. In conclusion, HCN2 channels expressed in Xenopus oocytes develop an only small single-channel conductance, gate as individual channels, and are activated by cAMP via an increase of the open probability. These results are of importance for modelling single-channel properties from macroscopic currents.
1
Temple University, Philadelphia, PA, USA, 2 Université de Lorraine, Nancy, France, 3 Universidade de Brasília, Brasília, Brazil. Many modulators, such as toxins, anesthetics or drugs, act on voltage-gated cation channels (VGCCs) by altering the kinetics of activation and/or deactivation of their voltage-sensing domains (VSD). So far, we have proposed a ''static'' model of the Kv1.2 VSD activation using brute force and modified molecular dynamics simulations and that agrees with a large body of experimental data. This model involves 5 states: a (activated), b, g, d (three intermediate) and ε (resting) [Delemotte et al. 2011, Proc. Natl. Acad. Sci. USA, 108:6109-6114] , and has enabled to gain access to the contribution of transmembrane voltage to the free energy of activation via calculation of the corresponding gating charge. Crucial details, however, are still missing, among which an estimation of the thermodynamic and kinetic stability of these states or of the minimum energy transition pathway linking them. In order to complete our understanding of VSD function, we produce the free energy landscape (FES) of the four transitions linking the Kv1.2 VSD conformations and estimate therefrom the corresponding the rate (kinetic) constants. This enables, not only to follow for the first time the pathway of activation of a VGCC VSD, but also to produce a complete ab-initio kinetic model of its activation based uniquely on parameters derived from an in-silico investigation. The G/V and Q/V curves (ionic current and gating current/voltage, respectively) characteristic of the function of wild type channels derived therefrom are then compared to electrophysiology recordings. The study is then extendable to investigate the modulation of VSD function by drugs, toxins, mutations or else lipid interaction. 2 CBM, Trieste, Italy. Cyclic nucleotide-gated (CNG) channels are members of the superfamily of voltage gated ion channels, but in the presence Naþ and Kþ they are gated primarily by cyclic nucleotides (CNs) and only weakly by voltage. Here, we show that when extracellular pH (pHo) is decreased from pH 7.4 to 5 WT CNGA1 channels desensitize, i.e. the current activated by a steady cGMP concentration declines within 5-40 s by 20-80% in a voltage dependent way. Current desensitization is completely reversible upon removal of cGMP and voltage dependency of desensitization is associated to the displacement of 0.3 equivalent electronic charges across the electrical field. A very similar desensitization is observed in several mutant channels, such as E363A and T364A at the usual pH 7.4. At the desensitized state, the I/V relations are outwardly rectifying similarly in the WT CNGA1 channels at pH 5 and mutant channels E363A at pH 7.4. In the presence of symmetrical Rbþ or Csþ, the single channel conductance gsc in WT CNGA1 channels is highly voltage dependent and this voltage dependence is abolished in mutant channels E363A and T364A. CNGA1 channels have structurally-distinct types of voltage sensors, formed by charged and polar residues located in the pore, by the usual S4 voltage sensor and by an additional voltage sensor associated to the voltage dependency of desensitization. Our results not only shed a new light on voltage gating in CNG channels, but uncover the existence of a novel component of phototrasduction: neuronal signalling within the vertebrate retina is highly dependent on the pHo and proton elevation could act as a negative feedback. Cyclic nucleotides are essential elements in the cellular responses to hormones, light and smell. These molecules bind to their receptors through a well conserved cyclic nucleotide binding (CNB) domain, propagating a conformational change to an effector domain. We seek to understand the molecular details of the cyclic nucleotide activation mechanism. Our model protein is the CNB domain of a cyclic nucleotide regulated potassium channel from Mesorhizobium loti, a soil bacterium. This CNB domain is formed by a b-roll and three a-helices, named aA, aB and aC. A major difference between the bound and unbound states is the relative position of aC helix, which raises the hypothesis that aC helix motion could be the primary event in cyclic nucleotide binding. To address the hypothesis, we have monitored the conformational change in the isolated CNB domain. We tested two mutants having a single cysteine in aB or aC helix using a cysteine-reacting probe. Reaction kinetics were quantified by determining rate constants, which reflect the relative exposure of the cysteine. The cyclic nucleotides tested were not all equivalent in their rate constants. Moreover, the ratios between rate constants determined in the same conditions were different for aB and aC helix mutants. This indicates that ligand binding does not have the same effect on the two connected helices or, in other words, that the conformational change in aB helix is not totally dependent on that in aC helix. Therefore, the primary event in ligand binding is not the aC helix motion. Accordingly, point mutations in a functionally relevant residue in aC helix affected activity of the full-length channel only partially, suggesting that residues outside this helix must be involved in the activation mechanism. University of Applied Sciences, Schmalkalden, Germany. Cyclic nucleotide-gated (CNG) channels in olfactory neurons are heterotetrameric ligand-gated cation channels that are composed of four homologue subunits (2xCNGA2, 1xCNGA4, 1xCNGB1b) . Only the CNGA2 subunits form functional homotetrameric channels that can be activated in a cooperative manner by cAMP or cGMP binding to the cyclic nucleotide-binding domains (CNBD) included in each subunit. Our aim was to kinetically further dissect the molecular mechanism leading to channel activation upon ligand binding and to channel deactivation upon ligand removal. CNGA2 channels, expressed in Xenopus oocytes, were studied in excised patches by measuring simultaneously ligand binding/unbinding and activation/deactivation by means of confocal patch-clamp fluorometry under steady-state and non-steady state conditions (182 or 277 frames per second). Concentration jumps of a fluorescent cGMP derivative (Biskup et al., Nature, 446(7134): 440-3, 2007) were applied using a fast piezoelectric system. Surprisingly, the unbinding was concentration dependent while deactivation was concentration independent. The unbinding was approximately 100 times faster from fully liganded channels in comparison with the unbinding from lowly liganded channels. The obtained data were analyzed by global fits to various types of Markovian state models. The additional information of unbinding and deactivation allowed us to refine the previously determined C4L-Model (Biskup et al., Nature, 446(7134): 440-3, 2007) . To account for the very fast unbinding at saturating ligand concentrations, the C4L-Model had to be expanded: When fully liganded, the channel adopts an open state which allows, upon ligand removal, a very fast unbinding of all four ligands. In contrast, from partially liganded states this fast unbinding is occluded. Our results suggest an additional pathway for rapid ligand unbinding for the fully liganded channel.
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1439-Pos Board B331 Probability Fluxes and Transition Paths in a Markovian Model Describing Complex Subunit Cooperativity in HCN2 Channels
Klaus Benndorf 1 , Jana Kusch 1 , Eckhard Schulz 2 . 1 Friedrich-Schiller-University, Jena, Germany, 2 University of Applied Sciences, Schmalkalden, Germany. Hyperpolarization-activated cyclic nucleotide-modulated (HCN) ion channels are voltage-gated tetrameric cation channels that generate pacemaker activity in neurons and cardiomyocytes. Activation of these channels can be enhanced by the binding of adenosine-3',5'-cyclic monophosphate (cAMP) to an intracellular cyclic-nucleotide binding domain in each of the four subunits. Based on previously determined rate constants for a complex Markovian model describing the gating of homotetrameric HCN2 channels (Kusch et al., Nat. Chem. Biol. 8, 162-9, 2012), we analyzed probability fluxes within this model, including unidirectional probability fluxes. Following the rules of the transition path theory, we analyzed the transition paths in our model for channel activation, following a jump to a defined ligand concentration from zero, and for channel deactivation, following a jump from the ligand concentration back to zero. Three ligand concentrations were considered. The time-dependent probability fluxes quantify the contributions of all 13 transitions of the model to channel activation. The binding of the first, third and fourth ligand evoked robust channel opening whereas the binding of the second ligand obstructed channel opening similar to the empty channel. Our analysis of the net probability fluxes revealed pronounced hysteresis for channel activation and deactivation. These results provide insight into the complex cooperative interaction of the four subunits equal by sequence, leading to pronounced differences in the subunit function. Michigan State University, East Lansing, MI, USA. Canine day-blindness, a model for human achromatopsia, is associated with loss of cone function due either to the deletion or a missense Asp (D) 262 to Asn (N) mutation in CNGB3. Asp 262 resides in an acidic motif in the S2 transmembrane helix conserved in all CNG channel subunits and members of the Shaker Kþ superfamily. Tetrameric cyclic nucleotide-gated (CNG) channels are formed from CNGA3 and CNGB3 subunits and transduce light information in cone photoreceptor outer segments. In canine day-blindness, the CNGB3-D262N mutation leads to loss of cone function between 4 and~10 weeks suggesting progressive physiological changes. We investigated the missense mutation using the human CNGB3, previously used in gene therapy to restore cone function in young dogs (Hum Mol Genet 2010 19: 2581 . Canine CNGA3 was co-expressed with hCNGB3; the most significant functional difference between homomeric and heteromeric currents was an~10 fold increase in PCa/ PNa in heteromeric channels. Co-expression of cCNGA3 with hCNGB3-D262N (canine numbering) result in the absence of functional heteromeric channels with evidence of some homomeric CNGA3 channels. We suggest that alterations in calcium homeostasis associated with the missense mutation in CNGB3 contribute to the loss of cone function. We generated mutations in the Asp residues in CNGA3 channels. We investigated substitutions in the three Asp residues in S2 and all mutations examined resulted in the loss of channel function underscoring the essential role for these residues in channel function. Studies in voltage-gated channels show electrostatic interactions between the acidic residues in S2 and residues in S3 and S4 transmembrane domains. Our future experiments will explore the role of these acidic residues in intrasubunit helical interactions using mutagenesis and molecular modeling. 
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